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Abstract 
The Heartland Area Redwater CO2 Storage Project (HARP) is a staged CO2 storage project located near Edmonton in the 
industrial heartland of Alberta, Canada.  The project, being developed by ARC Resources Ltd. of Calgary, aims to store CO2 
captured from diverse sources into the very large Redwater Leduc Fm. carbonate reef situated at depths between 922 and 1234 m 
and with a thickness of up to 275 m. In the first stage, a pilot operation will be implemented by the spring of 2011 that will inject 
between 200 and 300 t CO2/day. In the second stage, depending on the regulatory and economic environment, the pilot may be 
scaled up to a commercial-sized operation by 2015 that will inject at least 1 Mt CO2/year.  Each stage of the project has several 
phases, with Stage I/Phase I having been completed in the summer of 2009. Work focused on the characterization of the storage 
unit: namely, the Redwater reef, its caprock, and the immediately underlying and overlying aquifers.  In Stage I/Phase II, 
injection and monitoring wells will be drilled and site-specific characterization and pilot design will be completed, while at the 
same time seeking regulatory approval and community acceptance for the pilot operation.  In Stage I/Phase III, the pilot operation 
will be constructed. A multi-disciplinary, multi-organizational research program comprising major research organizations and 
universities in western Canada is being built around this CO2 storage project. This paper presents the results of Phase I of the 
project: characterization of the storage unit and adjacent strata. 
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1. Introduction 
Canada is a major energy producer and exporter; her energy portfolio includes fossil fuels, nuclear and 
hydroelectric power.  Two western provinces, Alberta and Saskatchewan, are major producers of oil and gas, and 
also of coal used locally for power generation. In addition, Alberta’s industries include refineries, oil sands 
upgraders, cement plants and chemical and petrochemical plants, of which most are concentrated in Alberta’s 
Industrial Heartland area located northeast of Edmonton (Figure 1 left). As a result of an economy based on fossil 
fuels and of population increase, Alberta is currently the largest emitter of CO2 in Canada, with emissions in the 240 
Mt/yr range. Both the provincial and federal governments have recognized the significant potential for reducing CO2 
emissions in Alberta through CO2 capture and storage (CCS) in hydrocarbon reservoirs and deep saline aquifers in 
the underlying Alberta Basin, with the provincial government envisaging that 70% of Alberta’s greenhouse gas 
reductions by 2050 will be achieved through CCS. As a result, both governments are providing financial incentives 
to several CCS projects in Alberta (CAD 2 B from the Alberta government and several hundred million CAD from 
the Canadian federal government).  One of the CCS projects in central Alberta, being developed by ARC Resources 
Ltd., is the Heartland Area Redwater CO2 storage project (HARP), which aims to develop the huge Redwater Leduc 
reef in central-eastern Alberta into a CO2 storage site capable of storing at least 1 Mt CO2/yr starting in 2015 (Figure 
1), and up to several hundred Mt CO2 during its operating lifetime. The potential for CO2 storage in this reef was 
described and estimated when the project was still in planning stages [1, 2]. Since then, Phase I of the project has 
been completed, consisting of the geological, geophysical, hydrogeological and geomechanical characterization of 
the Redwater Leduc reef and of the adjacent strata. In Phase II of the project, one injection and two monitoring wells 
will be drilled in late 2010 – early 2011, surface facilities will be designed and built, and regulatory approval will be 
sought to inject between 200 and 300 t CO2/d that will be trucked in from nearby large CO2 emitters. In Phase III, 
scheduled to begin in early 2011, the pilot CCS operation will be run and monitored for approximately one year, 
while plans will be developed for scaling up from pilot to fully-commercial operation by 2015, at which time the 
CO2 is expected to be pipelined to the site. 
2. Reef Structure and Rock Properties 
The Redwater Leduc reef is a Devonian age carbonate bioherm up to 275 m thick located northeast of the city of 
Edmonton (Figure 1 left) in a tectonically stable area in the Alberta Basin. Depth to the structure varies between 922 
m at its shallowest in the northeast and 1234 m in the southwest. It is underlain by the platform carbonates of the 
Cooking Lake Fm. and confined above and laterally by the shales of the Ireton Fm, the latter of which forms the 
primary barrier against CO2 migration out of the reef. A succession of carbonate and siliciclastic aquifers separated 
by intervening shale aquitards and coal seams overlie the intended CO2 storage unit and its caprock, forming a 
system of secondary trapping units and barriers protective against possible CO2 leakage (Figure 1 right). 
 
 
 
 
 
Figure 1: Location of the Redwater Leduc reef in Alberta, Canada, including outlines of the regional- and local-scale study areas used in the study 
(left), and tri-dimensional diagrammatic representation of the reef in the sedimentary succession viewed from the southeast, including rock 
lithologies (right). 
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The Redwater reef, approximately 600 km2 in size, initiated and grew during Upper Devonian time as a bioherm 
on the underlying limestone-dominated Cooking Lake Fm. platform, eventually forming an atoll-like morphology 
with an interior lagoon and an encircling elevated outer reef margin.  Subsequent orogenic processes resulted in 
tectonic loading, and tilting of Paleozoic strata to the southwest.  Charging by hydrocarbons led to the formation of a 
very large oil pool (1.3 BBbl original oil in place, with initial pressure and temperature of 7.4 MPa and 34 °C, 
respectively) at the updip rim of the reef (colored in green in Figure 1, right); however, this oil pool constitutes only 
a very small portion of the reef, the remainder being brine saturated. As a result of oil production, there are 
approximately 1280 wells in the region of the oil pool, but only 43 wells were drilled in the remainder of the reef 
(Figure 2, left). Currently ARC Resources Ltd. is developing a CO2-EOR pilot operation in the oil reservoir, 
completely independently of the CCS operation that is being developed downdip in the water-saturated portion of 
the reef.  Well logs, cross-sections, core descriptions and core analyses were used to characterize the reef in the 
portion corresponding to the oil pool, whereas the scarcity of well data outside the oil pool required the use of 400 
km of 2D seismic lines tied into wells (Figure 2, left) to delineate the structure of the reef outside the oil reservoir. 
Wells were used to delineate the stratigraphy, lithology and hydrostratigraphy of the sedimentary succession in an 
area of 5 × 4 townships centered around the reef (one township is a land survey unit of 6 × 6 miles in size, or 9.8 × 
9.8 km; see Figure 1 left). Figure 2, right, shows in block-diagram and in cross-section the succession of aquifers 
(carbonates and sandstones, in blue), aquitards (shales, in grey) and aquicludes (salt beds and evaporites, in purple) 
in the study area, displaying the Redwater reef and its cycles of growth in the middle of the section.  
 
 
Figure 2: Distribution of wells and seismic lines used in the delineation and characterization of the Redwater Leduc reef (left), and 
hydrostratigraphic delineation of the entire sedimentary succession from the Precambrian crystalline basement to the surface in block diagram 
(right - A) and cross-section, showing also various chronostratigraphic intervals in the reef (right-B). 
The Redwater Leduc reef and the underlying Cooking Lake carbonate platform have been divided into a number 
of quasi-chronostratigraphic intervals. Further detailed geological analysis has identified eight (8) different facies 
assemblages in the reef and four (4) additional facies in the underlying Cooking Lake platform (see also Table 1; 
Facies), with some mixed facies assemblages also present. The main facies assemblages in the Redwater Leduc reef 
are: 1 – subtidal-tidal flat; 2 – patch reefs and open lagoon; 3 – upper foreslope-reef margin-reef flat; 4 – proximal 
foreslope sands; 5 – Middle Leduc 1 (ML1) prograding wedge; 6 – Middle Leduc 3 (ML3) prograding wedge; 7 – 
porous Upper Leduc 1 (UL1) ramp with patch reefs/carbonate sands; and 8 – hybrid Upper Leduc 3 (UL3). Figure 3 
shows in cross-section the facies of the Redwater Leduc reef (left) and their areal distribution in the Upper Leduc 
chronostratigraphic interval (right). All of the chronostratigraphic units and facies have been mapped and 
characterized, including their porosity and permeability based on core analyses (Table 1). Sometime after burial, the 
western portions of the reef and of the underlying carbonate platform  were subsequently dolomitized as a result of 
Mg-rich fluids moving updip along the western edge of the Cooking lake platform, resulting in a region of higher 
porosity and permeability than in the unaltered limestone (Table 1). Seismic analysis aided in delineating the reef 
edge, shale embayments present on the northwestern and southwestern edges of the reef, and areas affected by 
dolomitization.  Differential compaction of the central lagoonal portion of the reef was identified in both geological 
and geophysical studies of the reef. The pore volume of the reef is estimated at more than 2 × 109 m3, providing 
sufficient static storage capacity for a commercial project. 
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Figure 3: Facies distribution in the Redwater Leduc reef  in cross-section (left) and in plan view for the Upper Leduc portion of the reef (right). 
Table 1: Porosity and permeability of the various facies in the Cooking Lake and overlying Redwater Leduc reef. 
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3. Geomechanical Characterization 
Storage of CO2 in the Redwater reef will result in pressure and temperature changes which may induce 
deformations and stresses in the reef and overlying strata. A suite of geomechanical rock properties and stress data 
were compiled based on wireline log data and empirical correlations for static elastic properties and rock strength 
parameters, to be subsequently integrated into a Mechanical Earth Model (MEM) of the site from the underlying 
Cooking Lake platform to the ground surface. The MEM, which will be updated based on down-hole stress 
measurements and mechanical properties tests on core samples to be conducted in 2011, will be used in 
geomechanical modeling of the effects of CO2 injection and storage in the reef. Dynamic elastic properties were 
calculated based on sonic wave propagation theory [3], using log data from six wells. Literature correlations were 
used to estimate the static elastic properties and rock strength parameters from the dynamic elastic properties. Based 
on considerable prior work on the stress regime in the Alberta Basin, it was determined that the minimum horizontal 
stress (Hmin) is smaller than the vertical stress (V) throughout most of the basin except in the shallow zone (a few 
hundred metres deep) near the northeastern basin edge. Further, the orientation of the maximum horizontal stress 
(Hmax) tends to be normal to the deformation front of the Rocky Mountains, suggesting a tectonic origin of the 
stress regime in the basin. The stress-regime parameters for the Redwater Leduc reef at 945 m depth were estimated 
based on results presented in as: 1) vertical stress V = 22.5 MPa, 2) minimum horizontal stress Hmin = 15.8 MPa, 
and 3) Hmin orientation at 142°. These data, coupled with the afore-noted log-derived elastic properties and 
equations for horizontal stresses in tectonically stressed settings [4] were used to estimate the stress regime in the 
sedimentary succession from the Redwater Leduc reef to the surface. Given the uncertainty in the input data, and the 
fact that the estimates are based on idealized models for in-situ stress conditions, the following were imposed in 
order to obtain more realistic values: 1) a lower limit on minimum horizontal stress gradient of 16 kPa/m; and 2) an 
upper limit on Hmax/Hmin of 1.3. Also, the ratio of horizontal stress magnitudes above the Lea Park Fm. was 
assumed equal to that calculated for the Lea Park Fm. (i.e., 1.12). The elastic properties and in-situ stresses 
interpreted in this work are listed in Table 2. 
 
Table 2: Estimated stress gradients and static geomechanical properties in the sedimentary column above the Redwater Leduc reef. 
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4. Hydrodynamic Communication between the Redwater Reef and Adjacent Aquifers 
One of the fundamental questions in any CO2 storage operation, particularly for deep saline aquifers, is the 
degree and strength of hydraulic communication between the storage unit and adjacent aquifers. Due to the fact that 
the Redwater Leduc reef sits on top of the Cooking Lake carbonate platform, there is direct hydraulic contact, hence 
communication, between the two (see Figures 1 and 2, right); however the degree and strength of this 
communication was unknown. The aquifer immediately above the Redwater Leduc reef is the carbonate Nisku 
aquifer, the two being separated by the intervening shales of the Ireton Fm. In the reef area, the Ireton Fm. thins 
considerably, from ~300 m off the reef to less than 20 m on top of the reef. A hydrogeological study assessed the 
communication between the Redwater reef and the two adjacent aquifers, and a reservoir engineering study assessed 
the strength of the communication between the reef and the underlying Cooking Lake aquifer. The hydrogeological 
study was based on analyses of formation water collected by industry and on drillstem tests also performed by 
industry and available from the provincial regulatory agency. The engineering study was based on the analysis of 
pressures, fluid production (oil, gas and water) from, and water injection into the Redwater Leduc reef, where 
produced water is disposed of by gravity, proving the high permeability, hence injectivity, in that portion of the reef.   
 
In addition to Redwater, there are other Leduc reefs that grew on the Cooking Lake carbonate platform, most of 
them located west of the reef, and are therefore dolomitized due to the event that resulted in the dolomitization of 
the western portion of Redwater reef. Figure 4 shows the distributions of water salinity (top) and of hydraulic heads 
(bottom) calculated with a reference density of 1070 kg/m3 (the calculated density of Redwater reef water at in-situ 
conditions) for the Cooking Lake aquifer (left) and the overlying reefs in a large study area covering 27 × 16 
townships (156 × 96 miles, or ~ 250 × 154 km, see Figure 1 left). The similar trends in water salinity and hydraulic 
heads (shown as averages for the reefs), nearly mimicking each other, clearly indicate that there is hydraulic 
communication between the Cooking Lake carbonate platform and the overlying Leduc reefs, including Redwater.  
 
The linear distribution of pressures with depth in the Leduc reefs at the time of discovery in the 1940s and early 
1950s also indicates that all the reefs were in hydrostatic equilibrium through the underlying Cooking Lake aquifer. 
The initial pressure in reefs discovered later is lower than hydrostatic, indicating that production from the older 
pools has affected them, with a quick pressure transmission between them (within a decade) through the underlying 
carbonate platform. This has been confirmed by present-day distributions of hydraulic heads in the producing reefs 
and the underlying Cooking Lake aquifer which show changes in water flow directions towards the oil-producing 
reefs. Production from the Redwater Leduc oil pool started in 1948, resulting in an immediate pressure decline and 
water flow towards the oil-producing reservoir at the northeastern rim of the reef. Starting in the mid 1950s, the 
produced water was re-injected in the reservoir to reduce the rate of pressure decline. Currently the oil pool 
produces oil with a water cut in excess of 99%. Free gas represents only a small portion of the total produced fluids. 
An analysis of the instantaneous- and cumulative-voidage replacement ratios indicates that the Cooking Lake 
aquifer played an important role in the early life of the oil pool, providing strong aquifer support, but is playing a 
minor role since the start of significant produced-water injection. Stochastic material balance calculations have 
indicated that the pore size of the aquifer that provided water influx in the oil pool was in the order of 15 to 40 × 109 
m3 prior to the start of significant water injection, which is many times larger than the estimated pore volume of ~2 
× 109 m3 in the Redwater Leduc reef itself. This analysis and additional numerical simulations of the Redwater oil 
reservoir, water-saturated Redwater reef and underlying Cooking Lake aquifer demonstrated strong aquifer 
communication between the reef and the underlying carbonate platform, most likely through the western high 
permeability (100s mD) dolomitized portion of the reef and corresponding carbonate platform, and to a much lesser 
extent through the low-permeability (up to 10 mD) limestone-dominated portion of both the reef and underlying 
carbonate platform. The hydraulic communication between the Redwater Leduc reef and the Cooking Lake aquifer 
will play an important role in dissipating pressure and displacing water during the CCS commercial operation. 
 
In contrast, the geological analysis of the caprock (Ireton Fm. shale) and the hydrogeology (water salinity and 
hydraulic heads) of the overlying Nisku aquifer have indicated that there is no hydraulic communication between the 
latter and the Redwater Leduc reef and that the intervening Ireton aquitard is strong. No effects of oil production 
from the Redwater oil pool have been observed in the overlying Nisku aquifer, and vice-versa. 
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Figure 4:  Distributions of salinity (top) and hydraulic heads (bottom) in the Cooking Lake aquifer (left) and overlying Leduc reefs, including the 
Redwater reef (right) on a regional-scale. The local-scale study area encompassing the Redwater Leduc reef is indicated by dashed lines.  
The hydrogeological analysis of the entire overlying sedimentary succession, from the primary barrier to CO2 
upward flow (i.e., Ireton aquitard) to the ground surface, revealed that the overlying succession comprises 5 
secondary trapping aquifers, in ascending order: Nisku, Wabamun-Lower Mannville (a composite of a siliciclastic 
aquifer overlying a carbonate aquifer at the Pre-Cretaceous unconformity), Upper Mannville, Viking and Basal 
Belly River, separated by very strong secondary barriers (intervening aquitards): Calmar, Clearwater, Joli Fou, 
Colorado-Lea Park, and the MacKay Coal Zone. The latter separates the Basal Belly River aquifer from the 
overlying unconfined Upper Belly River and Quaternary aquifers which serve as sources of potable groundwater, 
having salinity generally less than 2000 mg/L. The chemical composition of formation water is of a Na-Cl type in 
the Upper Devonian and Lower Cretaceous aquifers (Cooking Lake to Viking), the water having a basinal origin, 
while the water composition in the Upper Cretaceous and Quaternary aquifers is of predominantly Na-HCO3 and 
Ca-HCO3 type, the water having a meteoric origin (Figure 5, left). The variation of pressure with depth (Figure 5, 
right) and maps of hydraulic head distributions show that different hydrodynamic regimes and flow patterns are 
present in each aquifer, indicating that there is no natural hydraulic communication between the various aquifers in 
the overlying sedimentary succession. Aquifer-scale porosity and permeability in the Upper Devonian carbonate 
aquifers are less than 10% and in the low 10s of mD, respectively, except for the dolomitized regions where 
permeability is in the mid-100s of mD range. Porosity and permeability in the siliciclastic Cretaceous aquifers are in 
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the 16-21% range and high 10s of mD, respectively. Permeability in some unconsolidated Quaternary aquifers 
reaches in the 100s of darcies.  
 
 
 
Figure 5:  Variation of  Na and percentage of HCO3 ions with total dissolved solids (TDS) in formation water (left) and of pressure with depth 
(right) for the aquifers in the sedimentary succession from the Cooking Lake Fm. to ground surface in the local-scale HARP study area.  
5. Conclusions 
A comprehensive and detailed analysis has been undertaken in Phase I of the Heartland Area Redwater CCS 
Project in Alberta, Canada, to characterize the intended storage unit (the Redwater Leduc reef) and the overlying 
sedimentary succession. The characterization has shown that the Redwater reef has the necessary capacity and 
injectivity for storing several hundred Mt CO2 from nearby large CO2 sources, and is confined by a series of primary 
and secondary barriers to upward CO2 leakage, including also a series of intervening secondary trapping aquifers 
that would prevent stored CO2 from reaching shallow groundwater aquifers and/or the surface. Phase II of the 
project started in late 2009 focusing on site selection, with drilling of the injection and two monitoring wells planned 
for the last quarter of 2010. 
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